This study investigated the asymmetry of bilateral interference in relation to the relative difference of force amplitude between hands and the hand dominance. In Experiment 1, one hand produced a fixed constant force of 5% maximum voluntary contraction (MVC) while the other hand produced different constant forces of 5%, 20%, and 50% MVC in blocked conditions. Asymmetric interference in force amplitude alone was evident in that the hand producing the fixed low force showed a stronger interference than the hand performing the higher force. Asymmetric interference in hand dominance was also found in that more interference was observed when the nondominant left hand produced the higher force, a finding that does not support the hemisphere specialization hypothesis. Experiment 2 was performed to rule out the fixed force level interpretation compared with the low force level account and the fixed force was set at 50% MVC. The results were consistent with the findings in Experiment 1 showing asymmetric interference with force amplitude rather than with fixed force level. The findings revealed that without a timing constraint the task demand associated with force amplitude alone can induce the asymmetric bilateral interference. The external task asymmetry and intrinsic asymmetry of the organism interact and influence the bimanual force coordination and control patterns.
In actions involving bimanual movement, there is a tendency for the limbs to be synchronized to some degree. This bilateral coupling effect has been found on spatial and temporal properties during bimanual reaching and oscillatory tasks (Corcos, 1984; Heuer, Kleinsorge, Spijkers, & Steglich, 2001; Kelso, Holt, Rubin, & Kugler, 1981; Schmidt, Zelaznik, Hawkins, Frank, & Quinn, 1979) . Similarly, in isometric force production the force amplitude and the time-to-peak force (i.e., force rise time) between limbs are also coupled (Diedrichsen, Hazeltine, Nurss, & Ivry, 2003; Rinkenauer, Ulrich, & Wing, 2001; Steglich, Heuer, Spijkers, & Kleinsorge, 1999) . Due to this coupling effect, a systematic bias toward a similar pattern of a given variable is often observed (Franz, Zelaznik, & McCabe, 1991; Kelso, Southard, & Goodman, 1979) , even though bilateral asymmetry (i.e., bilaterally different spatial or temporal properties) is required in the task. In addition, enhanced performance error and variability in bimanual asymmetric tasks has also been found in comparison with unimanual control conditions (Sherwood, 1989; Treffner & Turvey, 1996) . The deteriorated performance due to coupling is termed bimanual interference.
The precise control of independent force production between hands is essential in daily activities such as holding objects of different loads and in human factors evaluations such as efficient machine operations. For example, bilateral interference poses a challenge for manual force control during aircraft operation and control of tele-operators that require asymmetric force production (Anderson & Spong, 1989) . The bimanual interference during the control of limb movement has been studied extensively (Swinnen & Wenderoth, 2004) ; however, there is some degree of independence between the control of limb movements and isometric force production. For example, it has been shown that movement kinematics and kinetics are relatively independent during motor control processes (Crutcher & Alexander, 1990; Krakauer, Ghilardi, & Ghez, 1999) . One additional benefit of utilizing the isometric force task is that the mechanical influence (e.g., inertia of the limb or interaction torques) of the limb as in limb movement tasks is eliminated, which, affords more directly the examination of the neural control characteristics of bimanual force production.
It has been observed that bilateral interference is asymmetric in relation to the task demand in that the hand performing the easy task is more interfered with by the hand performing the difficult task than vice versa. For example, during bimanual discrete elbow movement the kinematics of unidirectional movement of one arm is attracted more strongly to the reversal movement of the other arm that has more complicated kinematics Swinnen, Young, Walter, & Serrien, 1991) . In a bimanual isometric force pulse experiment, we have found asymmetric interference is associated with the relative force level produced between hands (Hu & Newell, 2011) . Specifically, the hand that produces the lower force level exhibits higher bias and variable error compared with the contralateral hand that produces the higher force. At lower force level, less motor units are recruited and, meanwhile, there is less interference to the contralateral limb (Heuer, 1991) .
However, this asymmetric interference related with task asymmetry has been found in tasks where both the temporal and spatial characteristics of the action are constrained , but it is not clear whether the timing or spatial (including force amplitude) variable contributes to the asymmetric interference. For instance, in the previous experiment the timing was constrained such that the two finger force pulses were required to reach the peak force within a time interval, meanwhile asymmetric force amplitudes were required (Hu & Newell, 2011) . With added load on the arm, larger joint torque indeed increased the bilateral interference; however, the load interference effect was symmetric between limbs (Walter & Swinnen, 1990) . Typically, the shorter time available for motor preparation and execution, the stronger the effect observed in bimanual interference (Heuer, 1991) . In addition, when both the timing and the force (or reaching) amplitude are constrained, the timing between hands shows a strong interference whereas limited or no interference is observed in the amplitude constraint (Kelso, et al., 1979; Rinkenauer, et al., 2001; Sherwood, 1991) . Therefore, the question remains as to what extent the amplitude constraint alone can lead to asymmetric interference. The first question investigated in this study was whether the task demand arising from the force amplitude asymmetry can induce asymmetric interference.
Asymmetric interference can also arise from asymmetry of the performance characteristics of the two hands in that stronger interference is observed when the nondominant hand performs the more difficult task (de Poel, Peper, & Beek, 2007; Peters, 1994) . In bimanual discrete elbow movements of different spatiotemporal patterns between limbs, greater interference is evident when the more difficult kinematic action is generated by the nondominant hand than vice versa (Walter & Swinnen, 1990) . Similar findings have also been observed in isometric discrete force pulse production; namely, more interference is observed when the nondominant left hand produced higher force level (Hu & Newell, 2011) . Studies on hemispheric lateralization have found that each hemisphere is specialized on certain features of the motion (Guiard, 1987; Sainburg, 2002; Sainburg & Wang, 2002; Wyke, 1968) . For example, it has been proposed that the dominant hemisphere specializes in controlling limb movements (dynamics), while the nondominant one specializes in controlling limb position (steady state posture) that effectively provides reference for the dominant limb (Guiard, 1987; Sainburg, 2002; Sainburg & Wang, 2002) . In the isometric force production paradigm, the constant force production is analogous to the control of steady state posture, while the discrete force pulse is analogous to the control of limb movement. Under this hemisphere specialization hypothesis, the nondominant hand is superior to the dominant one in controlling constant force. A second question examined here was whether bimanual constant isometric force production results in less bilateral interference when the nondominant left hand produces the high constant forces.
In summary, this study investigated how the relative force amplitudes between hands and hand-dominance mediate the asymmetry in bimanual interference. In Experiment 1, the two index fingers were required to produce simultaneous constant isometric forces of different magnitudes. The asymmetry of interference was quantified by three performance variables: the variability and constant error in the force output of each finger and the time-dependent structure of force variability. The bilateral interference was signified by higher variability, larger constant error, and less complex force variability structure (see Methods for details) at the same force level in the bimanual asymmetric conditions in comparison with the bimanual symmetric and unimanual conditions. In experiment 1, the less demanding task was associated with the low force level (5% MVC) and was also a fixed force level, while the more demanding task was associated with higher force levels and the force level changed between conditions. Based on the results in Experiment 1, Experiment 2 was performed to examine the asymmetric interference in relation to the force amplitudes by ruling out the fixed force level effect associated with the less demanding task. It was anticipated that the results of this study would provide further evidence on the association of asymmetric interference with the task asymmetry (amplitude constraint alone) and hand dominance in isometric force production.
Experiment 1 Methods
Participants. A total of 8 right hand dominant healthy individuals (mean age = 28 ± 2 years, 3 female and 5 male) volunteered to participate in this study. The handedness was determined using the Edinburgh Handedness Inventory (Oldfield, 1971) . The participants gave informed consent to the experimental procedures that had been approved by the University Institutional Review Board.
Apparatus. Figure 1A illustrates the experimental setup. Participants were seated facing a 17 inch LCD monitor with their left, right, or both hand(s) pronated on the table. The index finger(s) extended comfortably away from other digits. The participants were instructed not to move the forearm and the elbow position throughout the experiment. Through isometric flexion, the distal phalange of the index finger contacted a load cell (Eltran ELFS-B3, 1.27 cm in diameter) that was fixated to the Table 20 cm apart. Analog output from the load cell was amplified through a Coulbourn (V72-25) resistive bridge strain amplifier with an excitation voltage of 10 V and an amplifier gain of 100. A 16-bit A/D converter was used to sample the force output at 100 Hz. The resolution of the A/D board was 0.0016N. The monitor was approximately 50 cm away from participant's eyes and 100 cm from the ground during the testing.
Procedures

Estimation of Maximum Voluntary Contraction (MVC).
The participants were instructed to produce the maximal force by flexing their two index fingers. Three trials of 6 s were recorded with 30 s rest between each trial. The average of the 6 peak forces of the two fingers over 3 trials was determined as the MVC of both fingers.
Experimental Design. The experiment consisted of 4 blocks with 2 bimanual blocks (different force levels at the left or right hand in blocked conditions) and 2 unimanual blocks (left or right hand) serving as control conditions. In the bimanual blocks, the participants were instructed to produce constant forces of 5% MVC using one hand and produce 3 different force levels in blocked conditions using the other hand ( Figure 1B & 1D) . The three force levels were 5%, 20%, and 50% of MVC. In the earlier experiment, the degree of bilateral interference tends to plateau at 40% MVC (Hu & Newell, 2011 ). Therefore, the force level in this experiment only increased up to a moderate force level to avoid possible fatigue during constant force production. In the unimanual blocks, the participants used either the left or right hand to produce the required constant force levels ( Figure  1C & 1E). The 3 force levels were the same as in the bimanual blocks.
The participants were instructed to produce a constant force to match a green horizontal target line with their individual finger force output in the unimanual blocks, and two separate green target lines were presented in the bimanual blocks. A yellow trajectory representing the force output of each hand was displayed to the participants. In the unimanual blocks the target spanned the width of the monitor, and it spanned the left and right half of the monitor in the bimanual blocks. The force target and participant's force outputs were presented on the monitor throughout the trial, such that the 5%, 20%, and 50% of MVC covered 8%, 32%, and 80% of the vertical pixels of the screen counting from the bottom of the monitor.
To minimize familiarization effects with the experimental task, two practice trials of each force level were provided to the participant before the main experimental session of each block. Upon completion of each trial, the performance error (root mean squared error) representing the difference between the force output and the force target was displayed on the monitor for each hand. Two performance errors were presented to the participants in the bimanual blocks. The participants completed 6 consecutive trials of 20 s at each force level in each block. The force target was moved to a different % of MVC every 6 trials. The order of the blocks was randomized over the participants. A 20 s rest period between trials and 1 min rest between blocks were provided. To eliminate the transient effects, the initial 6 s and last 1 s of each trial were removed for data analysis.
Data Analysis
Task Performance. To quantify the bilateral interference due to the required departure of preferred symmetrical force production, the following dependent variables were calculated. The coefficient of variation (CV) of the force output at each force level was computed to assess the instability of force production. The constant force error (difference between the mean force output and the target force) was also calculated at different force levels to quantify the attraction to a symmetrical force production.
Structure of Force Variability. To examine the interlimb interference, the structure of the force output variability was examined using Approximate Entropy (ApEn) (Pincus, 1991) . ApEn reflects the irregularity of the future values in time series based on previous values. For a completely regular signal (e.g., sine wave) the ApEn approaches 0, which means the signal has the least complexity. With more random components in the signal, the uncertainty of making future time series predictions increases, and this is reflected in an increase of ApEn, which signifies a more complex structure in the signal. For example, the ApEn of a random signal (e.g., white noise) approaches 2. The ApEn was calculated for each individual trial. All data processing was performed using Matlab (version 7.9).
Statistical Analysis. To test the asymmetric interference in relation to the task demand (relative force amplitudes), the dependent variables described above were analyzed using a repeated-measure ANOVA with 3 force levels and 3 hand conditions (2 hands in the bimanual condition and 1 hand in the unimanual condition) as repeated measures for within-subject effect. To test the hand dominance effect on asymmetric interference, the dependent variables were analyzed using a repeated-measure ANOVA with 3 force levels and 2 hands (left and right hands that produced the corresponding force levels in the two bimanual conditions) as repeated measures; namely, left vs. right hand with changing force levels, and left vs. right hand with fixed force level. A significance level of p < .05 was used for all analyses. Bonferroni correction method was used during post hoc pairwise multiple comparisons. All statistical analyses were completed using SPSS (version 15.0). The dependent values are reported as means (± SEs) unless otherwise noted. Figure 2A and 2B illustrate the coefficient of variation (CV) of each hand. When the left finger force level was changed (Figure 2A) , the ANOVA revealed a significant interaction between force level and hand [F(4, 28) = 21.40; p = .001]. Post hoc analysis showed that the right hand producing the fixed force level (5% MVC) had significantly higher CV than the left hand producing 20% and 50% MVC in the bimanual and unimanual conditions [ps < 0.05]. In contrast, no significant difference was found between the CV in the left hand forces in the bimanual and unimanual conditions at any force levels [ps > 0.05]. When the right finger force level was changed ( Figure 2B ), the ANOVA also showed a significant force level and hand interaction [F(4, 28) = 11.88; p = .001]. The CV in the left hand force (fixed 5% MVC) was significantly higher than the right hand forces (20% and 50% MVC) in the bimanual and unimanual conditions [ps < 0.05]. The CV in the right force at 20% MVC in the bimanual condition was also higher than the unimanual condition [p = .044]. In both bimanual conditions, the CV in the two (left and right finger) forces with fixed 5% MVC increased significantly [ps < 0.05] when the contralateral hands produced higher force level. The results indicated that hand producing the fixed force level was interfered more by the contralateral hand producing the more difficult force levels than vice versa.
Results
Variability and Constant Error
To test the hand dominance effect on asymmetric bimanual interference, the CV in the left hand force (gray bars in Figure 2A ) and the right hand force (gray bars in Figure 2B ) were analyzed using the repeated-measures ANOVA (force level × hand). The results revealed no significant difference between the two hands [F(1, 7) = 0.05; p = .824]. In contrast, the ANOVA on the CV in the two hand forces of 5% MVC (white bars in Figure 2A and 2B) showed that the CV in the right hand force was significantly higher than the left hand force [F(1, 7) = 9.59; p = .017] when the contralateral hands produced 50% MVC. The results indicated that when the nondominant left hand produced the more difficult forces, more interference was observed, a finding that is counter to the hemisphere specialization hypothesis.
The constant error of each hand is illustrated in Figure 2C and 2D. When the left finger force level was changed ( Figure 2C) , the ANOVA revealed a significant interaction between force level and hand [F(4, 28) = 13.94; p = .001]. The constant error of the right hand force (fixed 5% MVC) was significantly higher than the left hand forces at 20% and 50% MVC in the bimanual and unimanual conditions [ps < 0.05]. However, no significant difference was found in left hand forces between the bimanual and unimanual conditions at any force levels [ps > 0.05]. When the right finger force level was changed ( Figure 2D ), a significant interaction between force level and hand was also found [F(4, 28) = 6.32; p = .002]. The constant error of the left hand force (5% MVC) was significantly higher than the right hand forces at 20% and 50% MVC in the bimanual and unimanual conditions [ps < 0.05]. The results showed that the right hand producing the fixed force tended to overshoot the target when the left hand produced the more difficult forces.
With regard to the hand dominance effect, the ANOVA (gray bars in Figure 2C and 2D) revealed no significant difference between the two hands [F(1, 7) = 3.23; p = .115]. The ANOVA on the constant error of the two fixed forces (white bars in Figure 2C and 2D) showed that the constant error of the left hand force was significantly higher than the right hand force [ps < 0.05] when the contralateral hands produced 20% and 50% MVC. The results also indicated that more interference was observed when the nondominant left hand produced the more difficult forces.
Structure of Force Variability. The time-dependent structure (ApEn) of the force variability of each hand is illustrated in Figure 3 . When the left ( Figure 3A ) and right ( Figure 3B ) finger force level was changed, the ANOVA revealed a significant interaction between force level and hand [left: F(4, 28) = 14.95; p = .001; right: F(4, 28) = 9.16; p = .001]. The ApEn of the left and right fixed forces (5% MVC) was significantly lower than the right and left hand forces of 20% and 50% MVC in the bimanual and unimanual conditions [ps < 0.05]. The ApEn of the forces at 20% MVC in the bimanual conditions was also lower than the unimanual conditions [ps < 0.05]. The ApEn of the fixed forces of both hands was significantly reduced when the contralateral hands produced 20% and 50% MVC [ps < 0.05]. The results revealed that the hand producing the fixed force variability had larger reduction in complexity when the contralateral hand produced the more difficult forces.
The statistical analysis on the ApEn of the forces with changing force level (gray bars in Figure 3A and 3B) revealed no significant difference between hands [F(1, 7) = 0.002; p = .962]. However, the ApEn of the right hand force with fixed 5% MVC (white bars in Figure 3A ) was significantly lower than the left hand force (white bars in Figure 3B ) when the contralateral hands produced 50% MVC [p = .042]. The results indicated that larger reduction of complexity in fixed force variability was observed when the nondominant left hand produced the more difficult forces.
In summary, the results in Experiment 1 revealed that, without the timing constraint, the task demand arising from the force amplitude asymmetry can induce asymmetric interference between hands. However, the hand dominance results showed more interference when the nondominant left hand produced higher force levels, which does not support the hypothesis that the nondominant left hand was more specialized on constant force control (Sainburg, 2002) . In Experiment 1, the less demanding task was associated with the low force level (5% MVC) and was also the fixed force level; therefore, it may be possible that the fixed force level effect contributed to the larger degree of interference on the hand that produced the low force. To eliminate this effect, in Experiment 2 one hand produced the fixed force level of 50% MVC, while the other hand produced different force levels that was changed between blocks. In this setting, the most demanding force level was the fixed force of 50% MVC, and the less demanding task was associated with the lower force levels.
Experiment 2 Methods
The same participants as in Experiment 1 participated in this study. The experimental procedures were identical to Experiment 1 except that the testing session consisted of 2 bimanual blocks. This experiment shared the same control conditions (2 unimanual blocks) from Experiment 1 to avoid possible fatigue effect. In the bimanual blocks, instead of producing 5% of MVC using one hand as in Experiment 1, the participants were instructed to produce constant force of 50% MVC in one hand and produce 3 different force levels in the other hand. The 3 force levels (5%, 20%, and 50% of MVC) were identical to Experiment 1. The apparatus and data analysis were also the same as in Experiment 1. at 5% and 20% MVC was significantly higher in the bimanual condition than the unimanual condition [ps < 0.05]. In contrast, no significant difference was found between the CV in the right hand force (fixed 50% MVC) in the bimanual condition and the left hand force in the unimanual condition at any force levels [ps > 0.05]. When the right finger force level was changed (Figure 4B ), the ANOVA also showed a significant force level and hand interaction [F(4, 28) = 17.73; p = .001]. The CV in the right hand force at 5% and 20% MVC was significantly higher in the bimanual condition than the unimanual condition [ps < 0.05]. The CV in the two hand forces with changing force level also decreased significantly in the bimanual condition [ps < 0.05] when the degree of force asymmetry decreased. The results were consistent with Experiment 1 showing a larger degree of interference on the low forces.
Results
Variability and Constant Error
The constant error of each hand is illustrated in Figure 4C and 4D. When the left finger force level was changed (Figure 4C) , the ANOVA revealed a significant interaction between force level and hand [F(4, 28) = 15.91; p = .001]. The constant error of the right hand force (fixed 50% MVC) was significantly higher than the left hand forces at 5% and 20% MVC in the bimanual and unimanual conditions [ps < 0.05]. However, no significant difference was found in the left hand forces between the bimanual and unimanual conditions at any force levels [ps > 0.05]. When the right finger force level was changed ( Figure 4D ), the ANOVA also showed a significant interaction between force level and hand [F(4, 28) = 12.01; p = .001]. The constant error of the left hand force (50% MVC) was significantly higher than the right hand forces at 5% and 20% MVC in the bimanual and unimanual conditions [ps < 0.05]. With increasing force level in the force output, the constant error changed from positive to negative significantly [ps < 0.05]. In contrast, the constant error of the forces with fixed 50% MVC (white bars in Figure 4C and 4D) remained the same [ps > 0.05]. Consistent with Experiment 1, enhanced constant error in the right hand force was observed when the left hand produced high forces.
Structure of Force Variability
The ApEn of the force variability of each hand is illustrated in Figure 5 . When the left ( Figure 5A ) and right ( Figure 5B ) finger force level was changed, the ANOVA revealed a significant interaction between force level and hand [left: F(4, 28) = 6.62; p = .004; right: F(4, 28) = 16.31; p = .001]. The ApEn of the left ( Figure  5A ) and right ( Figure 5B ) forces at 5% and 20% MVC in the bimanual condition was significantly lower than the forces of contralateral hand in the bimanual and the same hand in the unimanual conditions [ps < 0.05]. With increasing force level, the ApEn of the forces was significantly increased in the bimanual and unimanual conditions [ps < 0.05]. In contrast, the ApEn of the forces with fixed 50% MVC remained the same [ps > 0.05] when the contralateral hand produced different force levels. The results revealed that the low force level had a larger reduction in complexity than when the contralateral hand produced the more difficult forces.
Discussion
This study examined how asymmetric bimanual interference is associated with the force amplitude difference and hand dominance in isometric constant force production. In Experiment 1, asymmetric interference in relation to force amplitude was evident in that the hand producing the fixed low force revealed a stronger interference with the hand performing the higher force than vice versa. Namely, the hand that produced the low force levels showed higher variability (CV), larger constant error, and less time-dependent complexity than when the contralateral hand produced higher force levels. Consistent with Experiment 1, the interference asymmetry in force amplitude was found in Experiment 2, where the fixed force level effect was taken into account. Asymmetric interference in connection to hand dominance was also observed in that more interference was observed when the nondominant left hand produced the higher force levels. The results support the notion that the coordination dynamics is specified by the interactive influence of multiple categories of constraints (Newell, 1986; Treffner & Turvey, 1995) . In particular, the task constraint (asymmetric force amplitude) and the intrinsic asymmetry of the organism (hand dominance) interact and organize the observed bimanual isometric force coordination patterns. 
Interference in Force Amplitude Without Timing Constraint
In tasks that require asynchronized timing and force (or reaching) amplitude between hands, the timing variable between hands typically shows a strong interference, whereas limited interference in amplitude is observed in comparison with the timing variable (Kelso, et al., 1979; Rinkenauer, et al., 2001; Sherwood, 1991) . In our earlier study, both the timing and force amplitude variables exhibit interference during discrete force pulse production (Hu & Newell, 2011) . In addition, with less timing constraint (e.g., sufficient long time allowed for motor preparation or long movement duration), less interference is observed in the force amplitude such that the two hands can produce independently different force levels simultaneously (Steglich, et al., 1999) . In contrast, the current results revealed significant interference with bilateral asymmetric force amplitudes when there is no timing constraint during the constant isometric force production. The two experiments showed increased amplitude of force errors (both constant and variable errors) and reduced complexity of the force output in the asymmetric force conditions.
The contrasting results may be interpreted by the relative large force level difference between hands used in the current study. In bimanual force production, the relative force contribution between the two hands varies with force level required in the task (Morrison & Newell, 1998) . It has been found that there is bilateral cross-talk (motor overflow) between the two hemispheres at the cortical level and cross-projections at the spinal level (Debaere et al., 2001; Hortobagyi, Taylor, Petersen, Russell, & Gandevia, 2003; Swinnen & Wenderoth, 2004) , and the degree of overflow increases with higher levels of muscle activity (Heuer, 1993; Spijkers & Heuer, 1995) . As the relative difference of the force amplitude increases between hands, the motor overflow asymmetry also increases from one hand to the contralateral hand. As a result, stronger bilateral interference is observed when the degree of force amplitudes asymmetry increases between hands.
Asymmetric Interference in Force Amplitude
In an earlier bimanual force pulse experiment, we found asymmetric interference in relation to task asymmetry in that the hand producing the lower peak forces was interfered more with the contralateral hand that produced higher peak forces (Hu & Newell, 2011) . Without the timing constraint in the constant force production, the current findings also revealed that the force amplitude parameter alone can induce asymmetric interference. This interference asymmetry is evidence both in the amplitude and the time-dependent properties of the force variability of the high force level. Taken together, the asymmetric interference during isometric force control extends the findings of asymmetry in bimanual kinematic control . However, the question as to what degree the timing constraint (e.g., bilaterally different timing parameters) can induce the asymmetric interference remains to be investigated.
One interpretation of the interference asymmetry is that there is attentional bias during asymmetric bimanual actions (Amazeen, Ringenbach, & Amazeen, 2005; de Poel, Peper, & Beek, 2009) . Namely, more attention effort is directed toward the hand that produces the more difficult task (higher force levels in this case). As a result, less performance error is observed in the high force levels. On the other hand, bilateral interference has been observed in the motor preparation stage (Diedrichsen, Ivry, Hazeltine, Kennerley, & Cohen, 2003) and in the initial muscle electromyography activity patterns before the movement is initiated (Swinnen, Walter, & Shapiro, 1988) , which questions the attentional bias account. A second interpretation is the notion of motor overflow arising from multiple levels of the sensorimotor system (Heuer, 1993; Spijkers & Heuer, 1995) . As the force level increases in one hand, the motor overflow from one hand to the contralateral hand increases more than vice versa. Therefore, more interference is observed in the hand that produces lower force level due to the motor overflow from the contralateral hand.
Asymmetric Interference in Hand Dominance
In an earlier study, we have found less interference when the dominant right hand produced the more demanding task (i.e., higher peak force levels) (Hu & Newell, 2011) , which supports the model of motor lateralization that the dominant hemisphere is specialized on the control of quick changes in performance variables (a brief force pulse in this case) while the nondominant hemisphere is specialized on the control of steady state variables (e.g., constant isometric force) (Guiard, 1987; Sainburg, 2002; Sainburg & Wang, 2002) . Consistent with the earlier study (Hu & Newell, 2011) , the current results also revealed a larger degree of interference when the more demanding task (i.e., higher force level) was produced by the nondominant hand than vice versa. This is contrary to the hemisphere specialization hypothesis that the nondominant hand is specialized on constant force control which predicts that less interference is observed when the high force level is produced by the nondominant than the dominant hand (Sainburg, 2002) . Similarly, no hand difference in compensating finger force errors was found in a steady-state multifinger pressing task (Gorniak, Zatsiorsky, & Latash, 2010; Zhang, Sainburg, Zatsiorsky, & Latash, 2006) . Taken together, the results indicate that there is a failure to generalize the nondominant steady-state specialization model to isometric force control.
In bimanual tasks, distinct roles are assigned to each hand with the right dominant hand playing a more important aspect of the actions while the left nondominant hand playing a supporting role (Peters, 1994) . Studies have also shown that the right dominant hemisphere is more efficient in processing visual information and making more visually based error corrections than the nondominant one. As a result, faster movement speed and smaller performance error of the right dominant hand is often observed (Carson, 1989; Elliott, Chua, & Pollock, 1994; Mieschke, Elliott, Helsen, Carson, & Coull, 2001) . During isometric force production tasks, visual information plays an important role in the control of isometric force (Slifkin, Vaillancourt, & Newell, 2000; Sosnoff & Newell, 2006) . One possible interpretation of the current hand dominance effect in asymmetric interference is that the visually perceived performance error of the right dominant hand was corrected in a more efficient way than the left hand which was evident in higher variable and constant errors.
On the other hand, there is also evidence that is incompatible with the hypothesis that the dominant hemisphere has superiority in visual information processing (Carson, Chua, Elliott, & Goodman, 1990) . In particular, no difference in performance error was found between hands when the visual information (i.e., availability or intermittency of vision) was manipulated (Buekers & Helsen, 2000; Carson, Goodman, & Elliott, 1992) . In addition, when the visual information of the hand is partially blocked during reaching and grasping, the nondominant hand exhibits an earlier hand aperture adjustment while no change is found in the dominant hand, which indicates that the dominant hand relies less on visual information than the nondominant one (Tretriluxana, Gordon, & Winstein, 2008) . Therefore, the question as to what degree the visual information mediates the bilateral interference and interference asymmetry requires further investigation.
It has also been proposed that visual attention is biased toward the hand that performs the more difficult task during bimanual rhythmic reaching (Amazeen, et al., 2005) . A rightward attention (eye movement) to the right hand during bimanual reaching can also contribute to the right-hand advantage in task performance (Honda, 1982; Peters, 1981) . It is possible that the visual-attention bias toward the dominant-right hand or the more task demanding hand may contribute to the asymmetric interference findings.
Implications on Skill Acquisition and Rehabilitation
In human-machine interaction, bimanual actions are beneficial (i.e., lower reaction time and smaller variability) and the benefit is more prominent with more demanding tasks (Helmuth & Ivry, 1996; Leganchuk, Zhai, & Buxton, 1998; Owen, Kurtenbach, Fitzmaurice, Baudel, & Buxton, 2005) , because more degrees of freedom are involved in the task and more congruent sensory information is integrated into the task (Herwig & Massen, 2009 ). On the other hand, the bimanual coupling also interferes with the performance of tasks that require individualized or asymmetric control of each hand. Together with others, the current results provide theoretical implications for machine design principles and training protocols for skill acquisition. Specifically, to reduce bilateral interference, the more demanding task should be assigned to the dominant hand, and this holds for tasks that involve kinematic or kinetic control and tasks that are continuous or discrete in nature. In addition, the more demanding task should also be associated with the more critical components of the task outcome, because less interference is observed in the more demanding task than vice versa.
In motor recovery interventions after stroke and cerebral palsy, bimanual training protocols are used to improve motor function where the activation of the unimpaired limb can drive the activation of the impaired limb. Due to hemiparetic impairment, the two limbs are intrinsically asymmetric, and the goal of the bimanual training is to maximize the bilateral interference such that the patients can produce more symmetric actions. However, there are inconsistent findings on the efficacy of bimanual training protocol (Cauraugh & Summers, 2005; Charles & Gordon, 2006) . The current results can provide guidance to potentially improve the efficacy of bimanual training. In particular, one would expect a better training effect when the nondominant hand is impaired and when the impaired hand is assigned with the less demanding task. Otherwise, the constraint-induced movement therapy (Wolf et al., 2006 ) may result in a better training outcome.
Overall, this study revealed that the asymmetric bimanual interference is associated with the relative difference in bimanual force amplitude and hand dominance in isometric constant force production. The findings also show that without the timing constraint the force amplitude variable alone can induce bilateral interference. The results support our earlier findings of asymmetry of bilateral interference in connection to the interaction of intrinsic organismic and external task constraints and extend our understanding of the roles of the force amplitude and hemisphere specialization in bimanual coordination.
